Abstract: Soybean cyst nematode (SCN) (Heterodera glycines Ichinohe; HG) is one of the most destructive pests of soybean (Glycine max (L.) Merr.) in the United States. Over 100 SCN-resistant accessions within the USDA Soybean Germplasm Collection have been identified, but little is known about the genetic diversity of this SCN-resistant germplasm. The objective of this research was to evaluate the genetic variation and determine the genetic relationships among SCN-resistant accessions. One hundred twenty-two genotypes were evaluated by 85 simple sequence repeat (SSR) markers from 20 linkage groups. Non-hierarchical (VARCLUS) and hierarchical (Ward's) clustering were combined with multidimensional scaling (MDS) to determine relationships among tested lines. The 85 SSR markers produced 566 allelic fragments with a mean polymorphic information content (PIC) value of 0.35. The 122 lines were grouped into 7 clusters by 2 different clustering methods and the MDS results consistently corresponded to the assigned clusters. Assigned clusters were dominated by genotypes that possess one or more unique SCN resistance genes and were associated with geographical origins. The results of analysis of molecular variance (AMOVA) showed that the variation differences among clusters and individual lines were significant, but the differences among individuals within clusters were not significant.
Introduction
Soybean cyst nematodes (SCN), Heterodera glycines Ichinohe (HG), is the most important pest of soybean (Glycine max (L.) Merr.) in the United States. Using host plant resistance is the most effective way of controlling the damage caused by SCN in soybean. Over 100 accessions in the USDA Soybean Germplasm Collection have been identified as resistant to SCN (Anand and Gallo 1984; Anand et al. 1985; Anand et al. 1988; Arelli et al. 2000; Epps and Hartwig 1972; Rao Arelli et al. 1997; Ross and Brim 1957; Young 1990; Young 1995) . However, only a few resistance sources have been used extensively in the development of SCN-resistant cultivars. Genetic allelism and quantitative trait locus (QTL) mapping studies have demonstrated that SCN-resistant accessions used in cultivar development have major resistance genes in common (Concibido et al. 1996 (Concibido et al. , 1997 Arelli et al. 1992; Webb et al. 1995) . As a result, the genetic diversity of SCN resistance in commercial cultivars is even more limited than would be indicated by the few resistant sources used. Increasing available genetic diversity for SCN resistance is critical for the long-term stability of host plant resistance as a control strategy for SCN. Prior knowledge of genetic relationships among SCN-resistant sources will facilitate the development of new cultivars with novel resistance genes and enhance the genetic base of SCN resistance in these cultivars. Molecular markers were useful tools to estimate genetic relationships among SCN-resistant accessions. Estimation of genetic diversity of soybean lines resistant to SCN has been conducted in several studies. After surveying the SCN-resistant lines with RFLP markers, Zhang et al. (1999) found that there were 2 major resistance resources among 56 genotypes tested in the study; one from Korea and the other from China. Diers et al. (1997) used RFLP markers to characterize 38 plant introductions (PI) previously reported as being resistant to one or more SCN races. Based on cluster and principal component analysis, the grouping of the PIs was associated with resistance responses to the races of H. glycines and one major group of PIs was distinct from all previously used resistant sources. The authors believed that those PIs could provide soybean breeders with a novel resistant source for the development of improved cultivars.
The objectives of this research were to quantify the genetic variation among 122 PI lines and cultivars using SSR markers, to examine the genetic relationships among tested genotypes, and to investigate the relationships between geographical origin and SCN resistance.
Materials and methods
One hundred twenty-two lines including PIs and cultivars were selected from the USDA Soybean Germplasm Collection with resistance to various combinations of races 1, 2, 3, 5, or 14 (corresponding to HG types 2, 1.2, 0, 2, and 1.3, respectively; Niblack et al. 2002) . One wild soybean (Glycine soja) line (PI 468916) and 3 susceptible cultivars ('BSR101', 'Dunfield', and 'Hutcheson') were used for comparison in this study (Table 1) . These accessions generally originated from northeast and central China, Korea, Japan, and far eastern Russia and all lines are in US maturity groups 0 to VII (Table 1 ). Seeds of the tested lines were from the USDA Soybean Germplasm Collection. The SCN resistance ratings of the tested lines were compiled from published data ( Table 1) . All lines were grown in a greenhouse at Michigan State University in May 2005 for DNA extraction.
Genomic DNA of the tested lines was isolated from the first trifoliate leaves of 10 greenhouse-grown seedlings of each accession using the CTAB (hexadecyltrimethylammonium bromide) method of Kisha et al. (1997) . The DNA concentration of all samples was adjusted to a concentration of 25 ng/µL for polymerase chain reaction (PCR). The PCR was performed according to Cornelious et al. (2005) . Amplified products were separated using 6% w/v non-denaturing polyacrylamide gel with a vertical sequencing system described by Wang et al. (2003) .
Eighty-five SSR markers were selected from the consensus soybean linkage map (Song et al. 2004 ) to evaluate genetic relationships among SCN-resistant PI lines. These SSR markers cover all of the 20 linkage groups on the consensus map and some of the SSR markers are associated with QTLs underlining SCN resistances and other traits in soybean ( Table 2 ). The sequences of the primers were obtained from Dr. Perry Cregan, USDA-ARS at Beltsville, Md., and were synthesized at the Genomics Technology Support Facility of Michigan State University. SSR alleles were classified by molecular mass. Because SSR is a codominant marker, a genetic dissimilarity coefficient was calculated as 1 (total score/total loci), where "total loci" is the total number of SSR loci and "total score" is the sum of values over those loci (Diwan and Cregan 1997) . For a pair of genotypes if both alleles were identical at a locus the score is 1.0, if only 1 allele was identical the score is 0.5; and if no alleles were identical the score is 0.
A hierarchical cluster analysis method was performed on the 122 × 122 genetic dissimilarity coefficient matrix using the "WARD" option of PROC CLUSTER of PC SAS (SAS Institute Inc. 1999) . By setting the TRIM function to 1, 2% of the lines possessing low probability estimates were removed. The matrix of genetic dissimilarity coefficient was also subjected to multidimensional scaling (MDS) (Shepard 1974) by the MDS procedure in PC SAS (SAS Institute Inc. 1999). The "absolute" option was applied to maintain the scale of 0 and 1 for ease of interpretation and graphing. A nonhierarchical cluster analysis procedure was also employed to the original allelic data to divide the lines into nonoverlapping clusters by using the PROC VARCLUS option of SAS (SAS Institute Inc. 1999) .
Gene diversity over loci, so called polymorphism information content (PIC) scores (Anderson et al. 1992) , can be estimated by the following formula (Nei 1987) :
Its sampling variance also can be estimated as follows:
where n is the number of gene copies in the sample, k is the number of haplotypes, and p i is the sample frequency of the ith haplotype.
The analysis of molecular variance (AMOVA) procedure in ARLEQUIN version 3.0 (Excoffier et al. 2005 ) was used to estimate the components of variance, which is attributable to differences among clusters and among individuals within clusters, based on the genetic distance matrix, as specified in the analysis of molecular variance. Significance of variance components associated with the different possible levels of genetic structure in this study was tested by a nonparametric permutation procedure with 1023 permutations (Excoffier at al. 1992 statistic analogues computed from AMOVA, were used for pairwise comparisons among clusters (Excoffier et al. 2005) . Since SSR markers are codominant markers, the variance of allele frequencies was actually partitioned but not the genotypic variance as for dominant markers.
Results

SSR marker diversity
Eighty-five pairs of SSR primers generated 566 allelic fragments among 122 tested genotypes ranging from 100 to 600 bp. The number of allelic fragments produced by an SSR primer pair ranged from 2 to 13 alleles with an average of 6.7 (Table 2) . Sat_123, Satt368, Satt579, and Satt665 had the least alleles (2) and Satt172 had the most alleles (13). Genetic diversity for a specific locus can be evaluated by polymorphic information content (PIC) scores. The higher the PIC score, the higher the probability that polymorphism will exist between 2 PIs at that locus. The range of PIC scores for polymorphic alleles was 0.02 (Satt300) to 0.50 (Satt130, Satt242, Satt343, and Satt385) with a mean of 0.35.
Cluster analysis
The CCC, PSF, and PST2 statistics from the output of PROC CLUSTER were examined to define the number of clusters generated on the basis of the SSR data. All 3 statistics indicated that there were 7 clusters among the 122 lines. Therefore, all 122 lines were assigned to 7 clusters by the Ward's minimum variance cluster analysis of the PROC CLUSTER procedure (Table 1) . The nonhierarchical cluster analysis procedure, PROC VARCLUS, generated as many as 24 clusters, in which it explained 61% of the total variation.
However, when 7 clusters were formed, it accounted for 42% of the total variation. The Ward 7-cluster scheme was adopted to compare with the clusters derived from VARCLUS. Cluster I contained 6 developed varieties in which 3 of them (BSR 101, Dunfield, and Essex) were susceptible to SCN. Both clustering procedures agreed on this cluster. In cluster II, there were 21 lines including 5 cultivars, 'Hutcheson', 'Ilsoy', 'Ina', 'Kenwood', and 'Loda'. These 5 cultivars were clustered as a subgroup. PI 209332 was clustered into cluster II in this study and was the only line genetically unrelated to most sources for SCN resistance (Figs. 1 and 2) . PI 209332 was resistant to SCN races 3, 5, and 14. There were 21 lines in cluster III including 3 well-known resistant sources, 'Peking', PI 437654, and PI 438489B. Both PI 437654 and PI 438489B were resistant to race 1, 2, 3, 5, and 14 and are in maturity groups III and IV, respectively. These accessions were obtained from Russia with records indicating that the former was from China and that the latter was the American 'Chiquita'. 'Chiquita' was the name given to a soybean introduction that came from Wuhan, Hubei, in 1910 (Morse and Cartter 1939) but was lost before the USDA soybean collection was established in 1949. 'Chiquita' was described as having a yellow seed coat and PI 438489B has a black seed coat. If 'Chiquita' was sent to Russia, what was returned was not 'Chiquita' and the origin of PI 438489B is therefore unknown. Two clustering methods consistently assigned these 21 lines to the same group. Cluster IV contained 26 lines including 4 important SCN-resistant sources, PI 468916, PI 88788, PI 89772, and PI 90763. PI 88788, PI 89772, and PI 90763 were clustered in the primary subgroup, indicating that they had a very similar genetic background (Fig. 1) included into VARCLUS clusters 3 and 4, respectively. Clusters V, VI, and VII each contained 16, 18, and 14 lines, respectively. Clusters V, VI, and VII consistently agreed with VARCLUS clusters 3, 6, and 5, respectively. Most of the lines within these 3 clusters were recently introduced from China with a few from Japan (Table 1) . PI 494182 in cluster VI, a recently identified new SCN-resistant source, is genetically very distinct from other resistant sources in the study.
Multidimensional scaling A plot of the first 2 dimensions of the multidimensional scaling was produced to illustrate genetic variation among the tested lines and to compare with the results of hierarchical and nonhierarchical cluster methods (Fig. 2) . The first and second dimensions accounted for 60.5% and 19.0% of total variation, respectively, when 10 dimensions were applied in the solution to have less than 2% stress, a measure comparing original dissimilarity to the amount of mismatched distance generated from MDS. All 122 lines were evenly spread on the MDS plot. In general, clusters I and IV were located in the upper left quadrants; clusters II and III were positioned in the upper right quadrants; cluster V remained in the lower right quadrant; and clusters VI and VII were placed in the lower right quadrants.
The commonly used SCN-resistant sources, PI 2093332 (S015), 'Peking' (S012), PI 437654 (S037), PI 438489 B (S045), PI 88788 (S116), PI 89772 (S119), and PI 90763 (S120) were placed in the upper plot, whereas PI 468916 (S062) was located in the lower quadrant of the MDS plot. The positioning of clusters in the 2-dimensional MDS plot was consistent with the assignment by Ward's minimum variance method and VARCLUS.
AMOVA to partition genetic variance among the clusters
The results of AMOVA showed that the differences among clusters and among individual lines of different clusters were significant, but the differences among individuals within clusters were not significant (Table 3 ). The largest variation was found among individuals of different clusters, accounting for 91.7% of the total variance. Only 0.13% of total variance was contributed by individuals within clusters, indicating that lines clustered in the same group were genetically very similar. Although only 8.14% of total variance was observed among clusters, it was significant.
The cluster pairwise distances (F st values) ranged from 0.05 between cluster VI and VII to 0.17 between cluster I and V (Table 4 ). All the pairwise comparisons between clusters were significantly different from 0. This is another indication that all 7 clusters were distinct from each other. Cluster I had the largest mean value of F st with other clusters, suggesting it was the most distinct cluster.
Comparisons of percentage of accessions resistant to various SCN races among clusters
Cluster I had fewer than 35% accessions resistant to any of the 5 tested races (Races 1, 2, 3, 5, and 14) ( Table 5) . In cluster II, fewer than 50% of accessions were resistant to any of the tested races with the exception of race 3; more than 70% of accessions in cluster III were resistant to races 1, 3, and 5 and over 50% of the accessions were resistant to race 14. Sixty-five percent of the accessions in cluster IV were resistant to race 3, but fewer than 35% of accessions were resistant to any of the other tested races. Cluster V had a very high percentage of accessions resistant to races 3, 5, and 14 (87.3%, 87.5%, and 81.5%, respectively) and a relatively high percentage (62.5%) of accessions resistant to race 2. In cluster VI, 66.7% and 55.6% of accessions were resistant to races 3 and 5, respectively, but fewer than 40% of accessions were resistant to any other races. In cluster VII, 71.4% of accessions were resistant to race 14, but fewer than 40% of accessions were resistant to any other races (Table 5) .
Discussion
The 85 SSR markers used in this study were evenly spread over the 20 linkage groups on the soybean consensus map. Therefore, these markers better represented the whole soybean genome than the RAPD markers used by Chen and Nelson (2004) and the RFLP markers used by Zhang et al. (1999) . The 85 SSR loci had an average of 6.7 alleles among 122 genotypes tested (Table 2) , which is greater than the 3.1 fragments per marker reported by Chen and Nelson (2004) and the 5.2 alleles per RFLP locus in the study by Zhang et al. (1999) . The amount of variation (79.5%) explained by the first 2 dimensions in MDS analysis was much higher than that in the study by Zhang et al. (1999) , in which only 21% of the total variation was accounted for by the first 2 dimensions in the principal component analysis based on 501 RFLP probe-enzyme combinations. The SSR data are better than the RAPD and the RFLP data for evaluation of the genetic diversity for soybean in terms of efficiency and representation of the entire genome.
AMOVA procedure has been used to analyze genetic diversity in a variety of crops including sweet potato (Ipomoea batatas (L.) Lam.; Zhang et al. 2004) , sesame (Sesamum indicum L.; Ercan et al. 2004) , maize (Zea mays L.; Reif et al. 2003) , and olive (Olea europaea L.; Belaj et al. 2002) , as well as soybean (Glycine max (L.) Merr.; Chen and Nelson 2005) . Both AMOVA and clustering analysis were used to quantify the genetic variation among 122 lines in this study; however, they each emphasize a different perspective. AMOVA estimates variance differences among individuals and populations, whereas clustering analysis only estimates the relatedness of genotypes based on genetic distances. In this study, the results from AMOVA demonstrate that variance differences among individuals within clusters is not significant ( Table 3 ), indicating that SCN resistance sources from the same cluster may have major resistance genes in common and should be avoided in a breeding program to increase the genetic diversity of SCN resistance.
Five of the 7 Ward clusters (III, IV, V, VI, and VII) seem to represent 5 distinct groups of resistance sources to different SCN races (Table 5) . In cluster III, 13 of the 21 lines are resistant to races 1, 3, and 5. PI 437654 and PI 438489B in this cluster are resistant to races 1, 2, 3, 5, and 14 (Table 1) . PI 404166, PI 404198B, and PI 437690 are resistant to races 1, 2, 3, and 5. This cluster seems to represent the sources of resistance to races 1, 3, and 5. In cluster IV, 18 of the 26 lines are resistant to race 3. Almost all lines in this cluster have resistance to a single race except PI 89772 and PI 90763, both of which are resistant to races 1, 2, 3, and 5. On the other hand, most lines in cluster V are resistant or moderately resistant to 2 or more races. In cluster VI, 12 of the 18 lines are resistant to race 3. PI 567336B, PI 567342, PI 494182, and PI 507471 are resistant or moderately resistant to races 1, 2, 3, and 5. These lines are genetically distinct from the other well-known resistant sources such as 'Peking' and PI 88788 and could contain new alleles for SCN resistance. In cluster VII, 10 of the 14 lines are resistant to race 14. In an attempt to improve the association of the clusters with race specificity of SCN resistance, only the markers that are associated with SCN resistance were used in the cluster analysis (17 in total). No improved association could be found (data not shown) using SCN-associated markers only. Chen and Nelson (2005) have demonstrated that there was a relationship between origin and genetic diversity, especially for accessions from China. The dendrogram generated from this study is useful to examine the relationships between geographical origin and SCN resistance for all PI lines and cultivars used in this research. The clusters, responses to different SCN races, and origins of these lines are summarized in Table 1 . Based on this information, cluster I represents a modern cultivar group in which 6 cultivars, 'BSR 101', 'Dunfield', 'Essex', 'Forrest', 'Hartwig', and 'Hill', were included. VARCLUS assigned 5 other cultivars (Hutcheson, Ilsoy, Ina, Kenwood, and Loda) to this group. Based on previous reports, 'Hartwig', 'Hill', 'Hutcheson', and 'Essex' (Anand 1992; Buss et al. 1988; Johnson 1960a Johnson , 1960b Smith and Camper 1973; Weiss and Stevenson 1955) share some common ancestors. Cluster II was a complex group, but South Korean lines dominated with 7 lines from that country. Cluster III was another complex group where 13 lines originated from China, 2 lines from Japan, 1 line from South Korea, 1 line from Argentina, and 4 lines of unknown origin. Cluster IV represents northern China with 23 lines from China, 1 from Japan, 1 from South Korea, and 1 that is a modern cultivar, 'Pickett 71'. Of the 15 lines from China for which provincial origin is known, 8 are from Shandong. In Cluster V, all of the lines, except 1 unknown, come from China and 12 of the 16 lines from China originated in Jilin. Cluster VI is a complex group, but 8 of the 18 lines originated from Gansu, China. In addition, there were 3 other lines from China, 6 lines from Japan, and 1 line from South Korea. Cluster VII represents the north central region of China with all entries from either Ningxia, Shannxi, Shanxi, or Hebei.
Lines PI 437654 and PI 438489B were the only 2 lines with resistance to most known SCN races among the 122 lines tested in this study. They were introduced from Russia; however, as noted earlier, PI 437654 originally came from China and PI 438489B was purported to have come to Russia from the U.S. The origin of PI 438489B is unknown, but it is very likely also from China. The 2 lines were clustered into 1 group (cluster III; Fig. 1 ), and were placed in the upper right quadrant of the MDS plot (Fig. 2) , indicating that they were related (Fig. 2) . However, they were not as closely related as described by Zhang et al. (1999) because the 2 lines were grouped in a different subcluster under cluster III. The relationship of these 2 lines is much closer than reported by Diers et al. (1997) , who assigned them to 2 different clusters. These differences are most likely the result of the different types of marker used for estimating genetic distances.
PI 438497 and PI 438496B were introduced from Russia in 1980 with the same name, 'Peking', and were purported to originally be from the US. The American 'Peking' was introduced from Beijing, China, in 1906 and named 4 years later (Bernard et al. 1987) . Owing to their similar reactions to SCN races and their sharing the same name, 2 studies were carried out to verify their origins and genetic relationships. Skorupska et al. (1994) and Zhang et al. (1999) used RAPD markers and RFLP markers, respectively, to evaluate these 3 lines and found that PI 438497 was closely related to 'Peking' but that PI 438496B was not. However, all 3 lines were grouped in the same cluster (III) and were placed on the same quadrant (upper right) of the MDS plot in this study (Figs. 1 and 2 ), indicating that these 3 lines are closely related but not identical.
PI 468916 is a wild soybean and clustered to cluster IV together with 'Pickett 71', a modern cultivar, by the Ward's minimum variance cluster; however, the VARCLUS analysis assigned them to different groups (Table 1) . In both cases, the wild soybean accession is grouped with soybean accessions, which is unusual. Other research has shown that with similar clustering procedures RAPD fragment data could consistently separate soybean from wild soybean lines (Chen and Nelson 2004; Li and Nelson 2002) . One possible explanation is that 'Pickett 71 inherited considerable marker alleles from its 2 semi-wild ancestors, PI 37335 and 'Peking'. PI 37335 is a very primitive soybean line from China with relatively small seed size (10.8 g/100 seeds) and lower oleic acid concentration (17.1%). 'Peking' has many semi-wild morphological traits such as small seed size, vining growing habit, and low oleic acid concentration (14%).
